Abstract. We have processed 20 years of GPS data from 8 sites in Sweden and 5 sites in Finland, using two different elevation cutoff angles 10
A standard data processing was first carried out using GIPSY/OASIS II v.6.2 (Webb and Zumberge, 1993) with the Precise Point Positioning (PPP) strategy (Zumberge et al., 1997) . The inputs of the 100 processing were ionospheric free linear combinations formed by acquired GPS phase-delay observations while the output included station coordinates, clock biases, and tropospheric parameters. The final GPS orbit and clock products used were provided by Jet Propulsion Laboratory (http://gipsy.oasis.jpl.nasa.gov/gipsy/docs/GipsyUsersAGU2007.pdf). An ocean tide loading correction using the FES2004 model (Lyard et al., 2006) was applied while no atmospheric pressure load-105 ing corrections were used. The absolute calibration of the Phase Centre Variations (PCV) for all antennas (from the file igs08_1869.atx) was implemented (Schmid et al., 2007) and the technique of ambiguity resolution was applied (Bertiger et al., 2010) .
The ZTD and linear horizontal gradients were estimated using a random walk model with a standard deviation (SD) of 10 mm/ √ h and 0.3 mm/ √ h, respectively. The SD value used for the ZTD is
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given by Jarlemark et al. (1998) where they found a temporal variability in the wet delay, derived from 71 days of microwave radiometer measurements, varying in the interval 3-22 mm/ √ h at the Onsala site. This value however is larger than the one given by http://acc.igs.org/workshop2016/presentations/Plenary_05_03.pdf where they recommend a SD value of 3 mm/ √ h when applying an equal weighting. In order to investigate possible impacts of using a larger SD value on the resulting IWV trends we have processed 115 data again for two sites (SODA and OVE0) which are located far north (expecting a less variability of the wet delay) using a random walk model with a SD of 3 mm/ √ h. The result indicates an insignificant difference (< 0.05 kg/(m 2 ·decade)) in IWV trends. Therefore in order to be able to capture any large variations of the water vapour we decided to use the large value of SD (10 mm/ √ h) for all 12 sites.
The ZHD for a given GPS site can be calculated: where P 0 is the ground pressure in hPa and
determined by λ and H which are the site latitude in degrees and the height above the geoid in m,
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respectively.
The ZWD is related to the IWV via the conversion factor Q
where Q is defined by
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where ρ w is the density of liquid water; R w is the specific gas constant for water vapour; k 3 and k
are two constants which can be estimated from laboratory experiments; T m is a mean temperature, weighted by the wet refractivity, in units of K.
The standard data processing was performed twice using two different elevation cutoff angles (10 • and 25 • ). Thereafter we carried out several tests using different elevation-angle-dependent pa-140 rameters. One northern station (SODA) and one southern station (VIS0) were selected for the test using the alternative mapping function, global mapping function (GMF), presented by Boehm et al. In addition we processed the data from 8 GPS sites again with an elevation dependent weighting 145 function which is discussed in Sections 4.1 and 4.3. The weighting function applied was W = sin (E)
where E is the elevation angle. The same standard deviation (10 mm/ √ h) was used for the ZTD in the random walk model.
Radiosonde
Measurements from 7 radiosonde sites (see Figure 1) were obtained from the database provided by
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National Oceanic and Atmospheric Administration (NOAA) (https://ruc.noaa.gov/raobs/). As seen in Table 1 , the maximum distance between the GPS site and the corresponding nearby radiosonde site is around 120 km while the height difference is less than 100 m for most of the paired sites.
The radiosonde data consist of vertical profiles of pressure, temperature, and humidity. We linearly interpolated these profiles up to 12 km at intervals of 50 m, and integrated the absolute humidity 155 in order to calculate the IWV. Radiosondes are at the most launched four times per day (but more common is two times per day) and the profiles are reported at the nominal time epochs 0:00, 6:00, 12:00, and 18:00 UTC. Figure 2 depicts found that due to similar occurrence date of changes for all radiosonde sites in the investigated region (Sweden and Finland), neglect of the offset corrections on radiosonde data resulted in insignificant impacts on the correlation coefficients between the IWV trends from the radiosonde and the GPS data.
The radiosonde data obtained from NOAA, for the site of Sodankylä, were also validated using Based on the discussion above and concerning the fact that potential offsets will have insignificant impacts on the resulting trends, we decided not to correct for any offsets in the radiosonde data.
ERA-Interim data
ERA-Interim, the reanalysis product by ECMWF, provides the IWV time series with a temporal res-185 olution of 6 h and a horizontal resolution of about 50 km (Berrisford et al., 2011) . The ERA-Interim IWV were first interpolated horizontally to the GPS site using the ECMWF interpolation library (EMOSLIB, http://www.ecmwf.int). Thereafter, in order to reduce the IWV offset due to the difference between the model height and the GPS antenna height, we carried out a vertical interpolation of the ERA-Interim data to the height of the GPS antenna as follows (Heise et al., 2009) . If the GPS
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height is above the lowest ERA-Interim level, the temperature and specific humidity were linearly interpolated while pressure was logarithmically interpolated to the GPS height. If it is below the lowest level in ERA-Interim, the temperature was extrapolated using the mean temperature gradient of the three lowest layers. The pressure was calculated by stepwise application of the barometric height formula for each 20 m while the specific humidity is estimated in parallel assuming that the 3 Data analysis
Trend estimation
Linear trends of the IWV were estimated by using a model with annual and semi-annual terms (details are described by Nilsson and Elgered (2008)):
where y and t are the IWV and the time in years (from 1 January 1997 at UTC 0:00), respectively. The parameters y 0 and a 1 are a constant and a linear trend, respectively; a 2 and a 3 are annual component coefficients, and a 4 and a 5 are semi-annual component coefficients. All unknown coefficients are determined using the method of least squares.
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In order to avoid possible differences in the estimated IWV trends due to different sampling intervals of the different techniques, a data synchronisation is necessary. This was done by using only the GPS and the ERA-Interim data acquired, from the very same hour, as the launches of the radiosondes.
Interventions in GPS IWV time series 220
Any known interventions in the GPS observations due to, e.g., antenna changes and/or radome changes, need to be corrected for before we compare the GPS-derived IWV to the ones obtained from radiosondes and ERA-Interim.
There are in total 6 GPS sites which have known hardware changes over the investigated time period. These changes are listed in after the occurrence of the intervention. All estimated mean differences are also presented in Table 2 where the values vary from −1.40 to +0.63 kg/m 2 .
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In order to assess the significance of those offsets we applied the PMTred test, presented by Ning et al. In order to carry out a correction on the GPS IWV time series for the offset caused by an intervention, a reference time period needs first to be chosen. Thereafter the estimated mean differences,
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relative to the reference time period, were applied to the other parts of the IWV time series. We investigated the impact of using different reference time period on resulting IWV means and trends after the offset corrections for three GPS sites with two interventions in their IWV time series. We found that trends are not affected by which reference period that is chosen but the overall mean differences compared to other techniques will. The differences in the overall means are shown in 245   Table 3 . A relatively large difference (1.4 kg/m 2 ) is seen from the site SPT0 when the last time period was used as the reference period. It is because this reference time period is short (less than 4 months). We decided to use the time period that has the smallest offset relative to the ERA-Interim IWV and has a data length longer than 1 year as the reference period for the offset corrections of the GPS data.
250 Table 4 shows the mean and the standard deviation of the IWV difference between the radiosonde data and the GPS data before and after corrections for the GPS interventions. For two sites (ONSA and SPT0) the IWV mean difference change significantly after the offset correction is carried out on the GPS data. For other sites (JON0, METS, SKE0 and VAN0) the changes are insignificant. It seems as this specific change of radome type at ONSA and the addition of the microwave absorber 255 at SPT0 have larger impacts than receiver and antenna changes. We note that the corrections for the inconsistencies are derived from comparing GPS and ERA-Interim, but in Table 4 we compare the IWV from GPS with the radiosondes. Although radiosonde data are input to ERA-Interim, it is not granted that the correction shall have a positive impact.
Results
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IWV comparison
The entire 20 year long IWV time series for the ONSA site are shown in Figure 4 while Figure 5 depicts comparisons of IWV estimates obtained from the different data sets. Note that one radiosonde by a worse satellite geometry and the reduced number of the observations when applying a higher elevation cutoff angle.
The relation between the ZTD and the IWV trends
Before presenting and comparing the estimated trends in the IWV it is appropriate to assess pos- 
IWV trend comparison
Before comparing the IWV trends obtained from the different data sets, we calculated the corresponding trend uncertainties for the GPS data from the two different elevation cutoff angle solu- 
The impact of different elevation cutoff angles
The GPS-derived IWV trends for the two solutions using different elevation cutoff angles (and the standard data processing) and the synchronised trends from the ERA-Interim and the radiosonde data 300 are presented in Table 6 where the estimated trends and the corresponding uncertainties (after taking the short term variation of the water vapour into account), are given before and after the plus-minus sign (±), respectively. Offset corrections were implemented for all GPS sites with interventions. An overall result is that all estimated trends are positive (except one with a very small negative value).
The trends from the ERA-Interim show a smaller variation (from 0.07 to 0.53 kg/(m 2 ·decade)) com-305 pared to those from GPS and radiosonde data. It is clear that the estimated IWV trends are comparable to the trend uncertainties, varying from 0.20 to 0.26 kg/(m 2 ·decade), for all techniques. The similar values of the trend uncertainties are expected due to the fact that all data sets were acquired during the same time period and weather conditions. In addition we observe that the trend differences between the GPS data and the radiosonde data show no clear correlation to the site separation. (2016b) that the offset corrections using the ERA-Interim data as the reference need to be further validated and confirmed using other reference data, e.g., the data from nearby GPS site and/or a 330 nearby geodetic VLBI site. In this work only the IGS site ONSA has a nearby VLBI telescope and the offset correction we applied for ONSA was confirmed by other studies, i.e., Ning et al. (2013) and Ning et al. (2016b) . In order to investigate the possible impact of the unvalidated intervention corrections, we compared the IWV trends again but now using only the 8 GPS sites without interven- 
The impact of additional elevation-angle-dependent parameters
Insignificant differences in the estimated IWV trends are observed when using different mapping functions and the implementation of the second-order ionospheric corrections in the GPS data processing. The choice of mapping function has a very small impact for both sites (SODA and VIS0).
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The differences for elevation 10
• and 25
• solutions are less than 0.03 kg/(m 2 ·decade) and 0.005 kg/(m 2 ·decade), respectively. Even smaller differences (< 0.007 kg/(m 2 ·decade)) are seen when using second-order ionospheric corrections in the data processing.
We compared the GPS-derived IWV trends with a data weighting to the trends obtained from radiosondes and ERA-Interim. The results are shown in Figure 9 where the trend correlations and 345 the RMS differences are in general slightly worse than using the GPS data without the elevation dependent weighting (see Figures 7 and 8 ).
Conclusions
We have processed 20 years of GPS data acquired from 13 GNSS sites in Sweden and Finland using the two different elevation cutoff angles of 10 • and 25
• . We also carried out several tests assessing 350 the impact of three additional elevation-angle-dependent parameters: different mapping functions, inclusion of the second-order ionospheric corrections, and applying elevation-dependent weighting of the observations. The GPS-derived IWV were compared to the ones obtained from the radiosonde data at 7 nearby (< 120 km) sites and the IWV given by the ERA-Interim data.
We show that due to the larger formal errors of the individual IWV estimates a larger standard 
